An improved method to determine gamma-glutamylcysteine (γ-GC) content in foodstuffs was developed using 4-(aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole as a fluorescent reagent in high performance liquid chromatography analysis. The separation of γ-GC derivatives from l-gamma-glutamyl-lcysteinylglycine (GSH) derivatives was drastically improved when acetic acid was added to the mobile phase instead of trifluoroacetic acid (TFA), resulting in an Rs value of 5.5 compared to an Rs value of 1.4 for TFA. In addition, the linearity, recovery, and precision of analysis were proven with the use of acetic acid in this method. Using this improved method, the γ-GC content in foodstuffs such as foie gras, chicken gizzard, wet yeast, and dry yeast could be determined. The γ-GC content in these foodstuffs was approximately 1 -2 mg/100 g. This improved method appears useful for determining the γ-GC and GSH contents in foodstuffs.
Introduction
Glutathione [l-gamma-glutamyl-l-cysteinylglycine (GSH)] is a well-known tripeptide and is the most abundant non-protein thiol compound present in almost all living organisms. It has important biological roles including protection against oxidative stress, control of redox potential, detoxification of toxins, protein folding, and organic sulfur storage and transport (Meister and Anderson 1983; May et al., 1998) . In addition, GSH deficiency is correlated with several human diseases (Smith et al., 1996; Herzenberg et al., 1997) , indicating that GSH is important in medical research and practice. GSH is also used in the food industry as an additive to improve the nutritional value of foods. For example, GSH possesses a typical kokumi flavor and is present in some commercially available yeast extracts (Kuroda et al., 1997) . Although GSH has a very weak taste, it synergistically reinforces taste in the presence of umami flavor compounds (Ueda et al., 1990; Ueda et al., 1997) .
Conversely, the function of gamma-glutamylcysteine (γ-GC), a precursor of GSH, has been less extensively investigated. Recently, however, some practical uses of γ-GC were reported. For example, γ-GC generates a good roast meat flavor in reaction with saccharides (Kuroda et al., 1992) , and γ-GC might be used to treat Alzheimer's and lifestyle-related diseases (Miyamoto et al., 2005) . Thus, it is important to determine the γ-GC content in foodstuffs.
Recently, a review of methods used to detect thiol compounds in biological samples contained references to many methods of GSH determination, but only one method for γ-GC determination, which requires high-performance capillary electrophoresis (Toyo'oka, 2009 ). γ-GC may have potential uses in food applications and potential medical benefits. Therefore, it is important to have a rapid and precise method to determine the γ-GC content in foodstuffs. In this study, we improved the method to determine cysteine content by using 4-(aminosulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F) (Nishiuchi et al., 2011) , which is suitable for γ-GC determination. In addition, we used this improved method to measure the γ-GC content in several foodstuffs in an effort to elucidate their potential sources.
Materials and Methods
Chemicals Reagent grade ABD-F, acetic acid, sodium Then, the standard compound or sample was mixed with an equal volume of 0.2 M sodium borate buffer containing 4 mM EDTA (pH 8.0). To prepare a 0.75 mM ABD-F solution, ABD-F was dissolved in acetonitrile, and the mixture was added to 0.1 M sodium borate buffer containing 2 mM EDTA (pH 8.0). This ABD-F solution was mixed with an equal volume of standard compound or sample solution (final pH: 7.9 -8.0) and incubated for 15 min at 50℃. To determine the γ-GC or GSH contents, including their oxidative forms, a 0.2 M sodium borate buffer containing both 3 mM tributylphosphine and 4 mM EDTA (pH 8.0) was used instead of 0.2 M sodium borate buffer containing 4 mM EDTA (pH 8.0) (Chin and Wold, 1993) . The reactant was then filtered through a 0.45-μm filter, and 10 μL of the filtered reactant was injected in the mobile phase, consisting of 14% acetonitrile and 0.1% acetic acid. The flow rate of the mobile phase was 1.4 mL/ min, and the separation was performed using an Inertsil ODS-3 column (3 μm; 4.0 mmϕ × 100 mm; GL Science, Tokyo, Japan) at 40℃. The eluate was analyzed with a fluorescence detector using excitation and emission wavelengths of 380 and 510 nm, respectively. The separation of the samples was performed in succession every 14 min.
Determination of Rs value
The Rs value of the peak of the γ-GC derivative using ABD-F against the peak of the GSH derivative using ABD-F was calculated by the LCsolution workstation.
Statistical analysis Statistical analysis was performed using a least squares regression method. Excel 2003 was used for the statistical analysis.
Results

Separation of γ-GC and GSH derivatives using ABD-F
The effect of the mobile phase on the separation of γ-GC and GSH derivatives using ABD-F was evaluated using a mobile phase consisting of 14% acetonitrile and 0.1% TFA or 0.1% acetic acid. When TFA was added to the mobile phase, the retention times of the peaks of the γ-GC and GSH derivatives in the standard solution were 3.6 and 4.1 min, respectively ( Fig. 1(a) ). The calculated Rs value for these two peaks was borate, ethylenediamine-N,N,N′,N′-tetraacetic acid disodium salt dehydrate (EDTA·Na), and trifluoroacetic acid (TFA) were purchased from Wako Pure Chemical Industries (Tokyo, Japan). High performance liquid chromatography (HPLC)-grade acetonitrile was also purchased from Wako Pure Chemical Industries. Foodstuffs were purchased from the local market and yeast extracts were obtained from individual manufacturers.
Preparation of a model sample A model sample was prepared by dissolving reagent grade yeast extract (Becton, Dickinson and Company, Franklin Lakes, New Jersey, USA) in 5 mM sodium acetate buffer containing 2 mM EDTA (pH 4.0) at a concentration of 3 mg/mL. Before adjusting the sample to the final concentration, a certain amount of a γ-GC or GSH solution was added into the sample for the recovery and precision study experiments.
Extraction of γ-GC and GSH from foodstuffs Approximately 100 mg of each foodstuff was weighed, frozen in liquid nitrogen, and then mashed using a Multi-Beads shocker (Yasuikikai, Oosaka, Japan) at 2000 rpm for 10 s according to previously reported methods (Sato et al., 2004; Nakano et al., 2008; Takaiwa et al., 2008) . Next, the homogenized foodstuff was dissolved in 900 mg of water and heated for 10 min at 70℃. After centrifugation, the γ-GC and GSH contents were determined in the supernatant (sample solution).
HPLC The HPLC system consisted of a LC-20AD liquid chromatograph pump, a DGU-20A 5 degasser, a SIL-20AC HT auto sampler, a CTO-20A column oven, a RF-10A XL fluorescence detector, a CBM-20A communications bus module, and a LC solution workstation (Shimadzu Corporation, Kyoto, Japan). An isocratic elution system was used. Operation of the HPLC unit, data collection, and calculations were performed at the workstation.
Determination of γ-GC and GSH contents by HPLC using ABD-F HPLC analysis and derivatization using ABD-F were performed as per a previous report on cysteine determination (Nishiuchi et al., 2011) . A standard compound or sample was dissolved in 5 mM sodium acetate buffer containing 2 mM EDTA (pH 4.0) at appropriate concentrations.
h. niShiuChi et al. analyzed repeatedly (n = 25). For the model sample solution containing 0.005 mM γ-GC and 0.005 mM GSH, the CVs of γ-GC and GSH were 1.3% and 1.7%, respectively. For the solution containing 0.05 mM γ-GC and 0.05 mM GSH, the CVs were 1.2% and 1.3%, respectively. For the solution containing 0.1 mM γ-GC and 0.1 mM GSH, the CVs were 1.0% and 1.1%, respectively.
Determination of γ-GC and GSH contents in foodstuffs
The γ-GC and GSH contents in 11 foodstuffs were determined using this improved method. As shown in Table 2 , GSH, including its disulfide form, was detected in nine types of foodstuffs, whereas γ-GC, including its disulfide form, was detected in four types of foodstuffs.
Determination of γ-GC and GSH contents in yeast products
The γ-GC and GSH contents of seven types of yeast-related products were determined using this improved method. Figure 1 (c) shows a chromatogram typical of the separation of the γ-GC and GSH derivates in yeast extract Brand C. As shown in Table 3 , GSH and γ-GC, including their oxidized forms, were detected in six and three products, respectively. approximately 1.4. Conversely, when acetic acid was added to the mobile phase, the retention times of the peaks for the γ-GC and GSH derivatives in the standard solution were 8.9 and 11.7 min, respectively ( Fig. 1(b) ). The calculated Rs value for these peaks was 5.5.
Calibration curve of the γ-GC and GSH derivatives using ABD-F The linearity of the calibration curve was evaluated using the γ-GC and GSH standard solutions. γ-GC responded linearly over the range of 0.4 nM -0.1 mM with an r = 0.999. Similarly, GSH responded linearly over the range of 0.4 nM -0.1 mM with an r = 0.998. The detection limit was 0.2 nM with a signal-to-noise ratio of 3 for both cases.
Recovery study of added γ-GC and GSH in a model sample Table 1 shows the specificity of this method in a recovery assay using a model sample solution with various concentrations of γ-GC and GSH. γ-GC and GSH were recovered well at coefficients of variations (CVs) of less than 2.5% over the range of 0.005 mM -0.1 mM in the test conditions.
Precision study of the γ-GC and GSH derivatives using ABD-F To determine the precision of this method, the γ-GC and GSH derivatives in the model samples were A method to Determine γ-GC Content Table 1 . Recovery study of added γ-GC and GSH. "N.D." indicates that the γ-GC or GSH contents were below the quantitative limits. The quantitative limits in this study were < 1.25 mg/100 g for γ-GC and < 1.54 mg/100 g for GSH. The contents were described as mean ± SD of three different samples.
tain γ-GC. Yeast is known to contain abundant amounts of GSH and is commonly used for the production of GSH . Based on these results, γ-GC appeared to be present in foodstuffs containing high amounts of GSH. In fact, γ-GC was detected in yeast related products, and its content appeared to be proportional to the GSH content. We unknowingly consume a certain amount of γ-GC in daily life. Further studies on this improved method may reveal the role of γ-GC in foodstuffs.
Discussion
The separation of γ-GC and GSH was greatly improved by altering the mobile phase. After derivatization with ABD-F, thiol moieties of GSH and γ-GC were linked to ABD, and therefore, the dissociation of the alpha carboxyl groups in the glycine of GSH and in the cysteine of γ-GC might produce differences in pKa values. These differences may have enabled the separation of the peaks of GSH derivatives from that of γ-GC derivatives in the acetic acid containing mobile phase since the pH of the mobile phase with acetic acid is 3.5 and is weaker than the mobile phase containing TFA (pH was 1.9).
The specificity, linearity, and precision of this improved method were demonstrated for the determination of γ-GC content in model samples. In addition, the quantitative limit of the γ-GC content was sufficiently low to detect even small amounts of γ-GC content in foodstuffs. ABD-F was previously reported to be useful for the determination of GSH content (Qi et al., 2004) . Similarly, the specificity, linearity, and precision of this method were demonstrated for the determination of GSH content in model samples. Moreover γ-GC and GSH derivatives were as stable as cysteine derivatives at 4℃, the stability of which was previously reported (Nishiuchi et al., 2011) . Therefore, this improved method permitted the simultaneous determination of γ-GC and GSH contents in many foodstuffs.
Using this method, γ-GC was newly detected in four foodstuffs. Among the tested foodstuffs, foie gras and chicken gizzard were obtained from animal livers. The liver is the site of drug and ethanol detoxification, and GSH1, the gene encoding γ-glutamylcysteine synthetase, has been reported to be induced in response to ethanol consumption or highfat feeding (Lu et al., 1999) . As GSH1 catalyzes the ratelimiting step in the GSH pathway, the liver was expected to contain high amounts of GSH. In addition, wet and dry yeasts, both of which are used in baking, were found to conh. niShiuChi et al. "N.D." indicates that the γ-GC or GSH contents were below the quantitative limits. The quantitative limits in this study were < 1.25 mg/100 g for γ-GC and < 1.54 mg/100 g for GSH. The contents were described as mean ± SD of three different samples.
